BACKGROUND: Although short sleep, shift work, and physical inactivity are endemic to residency, a lack of objective, real-time information has limited our understanding of how these problems impact physician mental health. OBJECTIVE: To understand how the residency experience affects sleep, physical activity, and mood, and to understand the directional relationships among these variables. DESIGN: A prospective longitudinal study. SUBJECTS: Thirty-three first-year residents (interns) provided data from 2 months pre-internship through the first 6 months of internship. MAIN MEASURES: Objective real-time assessment of daily sleep and physical activity was assessed through accelerometry-based wearable devices. Mood scaled from 1 to 10 was recorded daily using SMS technology. Average compliance rates prior to internship for mood, sleep, and physical activity were 77.4, 80.2, and 93.7%, and were 78.8, 53.0, and 79.9% during internship. KEY RESULTS: After beginning residency, interns lost an average of 2 h and 48 min of sleep per week (t = − 3.04, p < .01). Mood and physical activity decreased by 7.5% (t = − 3.67, p < .01) and 11.5% (t = − 3.15, p < .01), respectively. A bidirectional relationship emerged between sleep and mood during internship wherein short sleep augured worse mood the next day (b = .12, p < .001), which, in turn, presaged shorter sleep the next night (b = .06, p = .03). Importantly, the effect of short sleep on mood was twice as large as mood's effect on sleep. Lastly, substantial shifts in sleep timing during internship (sleeping ≥ 3 h earlier or later than pre-internship patterns) led to shorter sleep (earlier: b = − .36, p < .01; later: b = − 1.75, p < .001) and poorer mood (earlier: b = − .41, p < .001; later: b = − .41, p < .001). CONCLUSIONS: Shift work, short sleep, and physical inactivity confer a challenging environment for physician mental health. Efforts to increase sleep opportunity through designing shift schedules to allow for adequate opportunity to resynchronize the circadian system and improving exercise compatibility of the work environment may improve mood in this depression-vulnerable population.
INTRODUCTION
Sleep problems and physical inactivity are important precipitating factors for major depression. 1, 2 Unfortunately, sleep loss and inactivity are common during physician training and, in particular, during the first year of medical residency. [3] [4] [5] [6] Heavy workloads and circadian misaligned shift schedules contribute to high rates of sleep deprivation during internship. 5, [7] [8] [9] [10] Along the same lines, rotating shift work and time constraints represent major barriers to physical activity and exercise in medical residents 11 with residents substantially less active than both medical students and attending physicians. 6, 11, 12 Prior research on both sleep and activity in residents and their relationship with mood has been limited by reliance on subjective retrospective estimates of average sleep duration and activity over periods of weeks or months. Emerging evidence supports the use of objective, real-time data collection to provide critical insights into physician behaviors and effects of workplace environment. 13 Objective, real-time assessment of sleep and physical activity would advance our understanding of the longitudinal and directional relationships among the duration and timing of sleep, physical activity, and mood changes during internship. Further, these advances hold the potential to inform the nature and timing of interventions needed to reduce the detrimental impacts of sedentariness, sleep deprivation, and misalignment between habitual and shift work-enforced sleep schedules.
The present study investigated changes in mood, sleep, and physical activity from pre-internship levels across the first 6 months of the intern year. We used a daily diary approach to characterize the manner in which accelerometry-based daily physical activity (measured in steps) and nightly sleep duration were associated with daily mood ratings. We hypothesized that shorter sleep duration and less physical activity would lead to future negative mood. We also hypothesized that negative mood and less physical activity would decrease sleep duration the following night. Lastly, we tested for changes in timing of sleep and wake after transitioning to internship, and whether misalignment between pre-internship and internship sleep-wake timing was associated with sleep duration or mood. We hypothesized that greater misalignment from baseline sleep patterns would correspond to shorter sleep and poorer mood during internship.
METHODS
The present study is a prospective web-based survey study, and this report adheres to the Strengthening The Reporting of OBservational studies in Epidemiology (STROBE) guidelines for the reporting of observational studies. This study was approved by the University of Michigan IRB and all subjects provided informed consent after receiving complete description of the study.
Participants
The Intern Health Study is a multi-site prospective cohort study that follows training physicians through internship (for details, see Guille (2015) 14 and Sen (2010) 3 ). Fifty-three graduates of the University of Michigan Medical School remaining at Michigan for residency in the 2014-2015 and 2015-2016 intern cohorts were enrolled in the Intern Health Study. All 53 of these interns were invited to participate in a biomarker protocol involving daily mood reports and wearing biotracking devices to measure sleep parameters and physical activity. Forty of the invited interns (75% enrollment) volunteered for this protocol, of whom 33 interns adhered to the study protocol and provided sufficient data for analysis, resulting in 893 daily observations prior to internship, then 1964 daily observations during the first half of intern year (after data cleaning, and listwise deletion and lagging predictors in the mixed models described below).
Procedure and Measures
Baseline online survey data assessing basic demographic information, including age and sex, were collected at 1-2 months prior to internship. Subjects reported average weekly work hours at 3 and 6 months of intern year.
Data collection for sleep duration, physical activity, and daily mood ratings began at 2 months before internship, then continued for 6 months into the intern year. Nightly sleep duration was measured using wrist-based accelerometry Fitbit monitoring (Fitbit Inc., San Francisco, CA; the Fitbit One® used in the 2014-2015 cohort and the Fitbit Charge™ used in the 2015-2016 cohort), which have been evaluated for research purposes and shown to perform as well as validated actigraphic sleep monitors. 15, 16 Sleep episodes with a wake time between 00:00 and 23:59 on 1 day were sleep between prior day and that day, and in fewer cases, could also be daytime nap on that day, and they were defined as the sleep episodes of that day. For days during which more than one sleep episodes were recorded, the longest episode was operationalized as the main sleep episode. In estimating sleep duration, the total sleep time for all sleep episodes on 1 day was summed to capture both the main sleep episode and naps. Fitbit devices were also used to estimate total steps (reported in the unit of 1000 s) as an indicator of daily physical activity. 17 Mood 247.com (Remedy Health Media LLC, New York, NY), a short-message service-based mood tracking system that has shown promise in patient mood charting, 18 was used to collect mood ratings. Interns were sent automated SMS message at 20:00 daily with the following prompt: 'On a scale of 1 (low) to 10 (high), what was your average mood today?'
Bedtime, wake time, and midsleep (i.e., the halfway point between bedtime and wake time 19 ) were extracted from the main sleep episode each day. To capture nightly deviations in internship sleep timing from baseline routine, midsleep shifts were operationally defined as the difference in midsleep on a given night during internship and their own personal preinternship baseline midsleep median (median was used instead of mean due to the skewed distribution of midsleep times). Midsleep shifts were defined as delayed when an intern's midsleep timing was later than their own baseline midsleep average, and advanced when an intern's midsleep timing was earlier than baseline midsleep. Nights during which midsleep differed from baseline by 3 h or more were interpreted as shift work-related sleep changes (≥ 3-h cut-point based on 1 SD in internship midsleep in the present study).
Statistical Analysis
All statistical analyses were conducted using R (The R Foundation, Vienna, AUT). 20 Using within-subjects paired t tests, we first tested for changes in average daily mood, sleep duration and timing, and physical activity between preinternship and intern year.
The primary outcomes of interest consisted of repeated daily mood ratings and nightly estimated sleep duration. To account for the time-nested structure of the data, substantive hypotheses were tested using linear mixed modeling, which allows for the simultaneous testing of between-and withinsubjects effects and is robust to missing data common in repeated measures studies. 21, 22 Between-subjects factors (i.e., level-2 predictors) included age, sex, and internship work hours (shown to associate with mood, sleep, and physical activity in prior reports 3, 10, 23 ), as well as pre-internship mean values for daily mood, physical activity (in steps), and sleep duration. Within-subjects factors (i.e., level-1 predictors) centered on daily internship observations of mood, physical activity, and sleep durations. We first predicted daily mood ratings as estimated by the above pre-and within-internship factors. To test directionality between nightly sleep and daily mood, we lagged the predictor level-1 sleep duration for 1 day (i.e., prior day's sleep duration) in estimating mood ratings and controlled for the prior day's mood as a potential confound. Second, we similarly predicted nightly sleep duration as estimated by the above factors, with level-1 daily mood as a lagged predictor to the opposite direction, while controlling for the previous night's sleep.
RESULTS
Thirty-three of 40 subjects provided sufficient data to be included in the analysis (16 women; aged 27.3 ± 2.6 years; see Table 1 for full sample characteristics). Of these 33 individuals, one subject did not report gender, but ascertained the subject's biological sex from genetic data (please see Sen et al. (2010) 3 for DNA collection methods in the Intern Health Study). In addition, three subjects' age was estimated via multivariate imputation. The average compliance rates prior to internship for mood, sleep, and physical activity were 77.4, 80.2, and 93.7%, while compliance rates were 78.8, 53.0, and 79.9% during internship.
We first evaluated changes in mood, sleep, and physical activity from baseline to internship (see Table 2 for full results). Within-subjects t tests revealed that daily mood ratings decreased by 7.5% (p < .01) and physical activity decreased by 11.5% (p < .01) after transitioning to internship. Interns lost an average of 2 h and 48 min of sleep per week (p < .01) compared to pre-internship means. Women slept an average of 31 min longer per night than men before internship (t = 2.544, p < 0.05, d = 0.88) and 37 min longer per night than men during internship (t = 2.541, p < 0.05, d = 0.88).
Daily Mood, Sleep, and Activity
We first estimated daily mood based on sleep duration the prior night and physical activity from earlier in the day, while adjusting for average weekly work hours and other relevant demographic and internship factors (Table 3) . Interns reported better mood after obtaining longer sleep (b = .12, p < .001, Fig. 1(a) ) and on days, they were more physically active (b = .04, p < .01, Fig. 1(b) ).
Next, we estimated sleep duration based on mood and physical activity from earlier in the day, while adjusting for the same control factors (Table 4) . Results showed that better mood during the day predicted longer sleep duration later that night (b = .06, p = .03, Fig. 1(a) ). Notably, the impact of sleep on subsequent mood (b = .12, p < .001 in the previous model above) was substantially larger than the influence of mood on subsequent sleep (b = .06, p = .03, the present model) in this sample. Contrary to our hypothesis, interns did not sleep longer after being more physically active during the day (p = .49).
Shift Work and Changes in Sleep-Wake Timing
Next, we evaluated changes in sleep timing during internship (see Table 2 and Fig. 2 ). On average, midsleep advanced significantly from pre-internship to internship (ΔMidsleep = 1 h 2 min earlier, p = .01), reflecting earlier timing of sleep periods during internship. Indeed, 71.7% of internship midsleep observations (1408 of 1964 observations from 33 subjects) were earlier than average pre-internship patterns. This advanced shift in sleep timing was driven by changes in wake time, with the median wake time occurring 1 h 30 min earlier during internship compared to baseline (p < .001). Conversely, no significant change in median bedtime was observed (ΔBedtime = 39 min earlier, p = .12).
To assess the impact of shift work on sleep duration and mood, we used mixed linear model to evaluate whether changes in sleep-wake timing from baseline to internship that are ≥ 3 h (i.e., 1 SD in intern midsleep as reported in Table 2) 
DISCUSSION
After transitioning to internship, physicians reported worse mood, shorter nightly sleep, and less physical activity. During internship, day-to-day changes in mood corresponded to fluctuations in physical activity and nightly sleep duration such that mood was highest when interns were physically active and well rested. Internship work schedules impacted timing of sleep and wake such that interns woke up, on average, substantially earlier during internship, which presaged reduced sleep duration and worsened mood. Though past studies have explored the consequences of problematic sleep, physical inactivity, and mood in this population, this investigation is the first to measure the association between changes in objectively measured sleep timing and duration and physical activity on daily mood during internship. Critically, our findings add to prior studies 3, 4, 7, 10, 24 suggesting that long work hours, insufficient sleep, and circadian challenging shift schedules may create an insalubrious environment for intern mental health.
Our data confirm and extend to training physicians the bidirectional relationship between daily mood and sleep duration observed in prior subjective studies. We found that when interns obtained shorter sleep, they reported poorer mood the following day, which, in turn, presaged shorter sleep the next night. These results lend objective support to research linking insufficient sleep and negative mood in medical residents, 10, 24 as well as to prior demonstration of reciprocity between daily mood and self-reported nightly sleep in non-resident populations. 25, 26 It is notable that the influence of sleep on mood the next day in our study was substantially larger than the effect of daily mood on sleep the subsequent night. Given that interns experience significant sleep challenges and truncation due to long work hours and circadian misaligned shift schedules, 3, 4, 7, 10, 23 these findings highlight the high risk for sleep-related mood perturbations in this population.
Indeed, our data offer critical insights into the effects of internship-related changes in sleep-wake timing and shift work on sleep duration and mood. After transitioning to internship, physicians woke up an average of 1 h and 30 min earlier than baseline. However, these earlier wake times during internship were not accompanied by corresponding changes in bedtimes. This finding suggests that insufficient sleep in this N, number of subjects; t, t statistic for within-subjects t test; p value, statistical significance; Cohen's d, effect size; GM, grand mean, i.e., the mean of each subject's mean value on that parameter; GMD, grand median, i.e., the mean of each subject's median value on that parameter, grand median time is presented in 24-h clock in hh:mm format; GSD, grand standard deviation, i.e., the average of each subject's standard deviation on that parameter; h, hours; m, minutes *'Day in internship' variable was coded as 0, 1, 2…n with the internship start date = 0, then converted to standardized z-scores to avoid extreme difference in scaling with other variables N, number of subjects; obs, observations, which are smaller here than the total recorded due to lagging of predictor variables and listwise deletion on days during which data were missing; b, unstandardized coefficient; ICC, intraclass correlation coefficient; AIC, Akaike information criterion Figure 1 The relationship between mood and sleep, and mood and physical activity through internship.
population is exacerbated by interns not adjusting or having difficulty adjusting their bedtime behaviors to accommodate work schedules enforcing earlier wake times. As the restriction of sleep leads to deterioration of neurocognitive functioning, 27 trainees unable to adjust their sleep timing to their internship work schedules may be at risk for impaired neurocognitive function and medical errors. Moreover, we observed that drastic shifts in sleep timing characteristic of shift work led to reductions in sleep duration and mood. Importantly, these associations were found when intern sleep-wake timing was either earlier or later than pre-internship routine. However, stronger effects of misaligned sleep-wake timing on short sleep and negative mood were observed when intern sleep schedules were advanced rather than delayed, a finding that is especially concerning since intern midsleep was earlier than baseline patterns on 71.7% of nights during internship. Evidence supporting the negative impact of circadian challenging work schedules on sleep and mood are consistent with data available from night and rotating shift workers. 28, 29 Owing to high rates of rotating, night, and extended shift schedules, residents are at elevated risk for shift work disorder, a circadian rhythm sleep disorder. 30, 31 Given the effects of sleepiness and fatigue on physician performance, 8, 9, 32 shift work disorder in this at-risk population may represent an under-recognized threat to resident health and patient welfare.
Physical activity during residency is an understudied area that warrants greater attention for its role in regulating intern stress and psychological wellbeing. Consistent with crosssectional research showing lower exercise rates for medical residents than medical students, 6 our accelerometry-based estimates of daily steps demonstrated a > 10% decrease in average daily physical activity after transitioning to internship. As interns reported poorer mood when they were less active, this reduction in physical activity may increase risk for negative mood outcomes. These findings echo research highlighting the mood-improving effects of physical activity and exercise, 33, 34 and support recommendations for programmatic efforts in medical education to promote physical activity and increase access to exercise facilities to combat sedentariness and improve stress reduction.
11
The present study should be interpreted in light of certain limitations. First, our sample comprised of 33 physicians in the internship program at the University of Michigan Medical School only; thus, rates of short sleep, physical activity, and other key factors should not be interpreted as prevalence rates for the overall intern population. While our large number of observations provides statistical power to assess withinsubjects effects, the limited number of subjects assessed limits the statistical power to detect between-subjects effects. N, number of subjects; obs, observations, which are smaller here than the total recorded due to lagging of predictor variables and listwise deletion on days during which data were missing; b, unstandardized coefficient; ICC, intraclass correlation coefficient; AIC Akaike information criterion Figure 2 The distribution of bedtime, wake time, and midsleep before and during internship.
Further, because the mixed models utilized just 33 observations for pre-internship factors (i.e., the number of subjects in the study), overfitting of between-subjects effects may have occurred, although the consistence of these findings with the extant literature may temper this concern. In addition, only data from pre-internship until December 31st were collected. Future investigations may benefit from continuous data collection throughout the entire intern year, which will provide insights into any potential changes in these relationships across the second half of internship. Further, it is unclear what, if any, effect self-monitoring may have had on interns' impressions of their mood, sleep, or physical activity and how this self-monitoring may have influenced intern behaviors. Though accelerometry-based sleep monitors exhibit good sensitivity for detecting sleep, they suffer from poor specificity and have been shown to overestimate sleep duration. 15, 16, 35 Therefore, our data likely overestimate nightly sleep duration in this population. Future studies on nightly sleep in interns would benefit from sleep data collection using both subjective (e.g., sleep diaries) and objective (e.g., accelerometry or actigraphy) measures, as well as pre-internship assessment of circadian typology such as self-reported diurnal preference. Daily reports of shift schedules would improve future exploration of work hours and shift timing on intern health behaviors and outcomes. Lastly, although Mood 24/7 has shown promise in mobile mood monitoring, 18 its use in research is limited and research on its clinical utility would benefit research using such prospective mobile data.
In summary, our findings suggest that interventions to increase sleep opportunity and physical activity may improve intern mood in this depression-vulnerable population. Physicians should be educated before internship on the importance of entraining their sleep-wake routines to earlier work schedules common to residency, and introduced to techniques to rapidly resynchronize their circadian rhythms when scheduled for early morning, night, or rotating shift work. [36] [37] [38] Future research is needed to evaluate whether restructuring work schedules to best align with resident sleep-wake timing to permit interns to awaken close to their natural wake times, and designing shift changes to allow for adequate time for circadian resynchronization may improve both intern sleep and mood, and may protect against shift work disorder and reduce intern drowsiness.
